We present an entire network observation of near-vertical PKiKP from the Japanese seismic network, Hinet. The record section of an intermediate depth (298 km) earthquake in Mariana (2001/07/03 13:10:43, Mw 6.5) shows remarkably clear arrivals of PKiKP in an epicentral distance range of 14-24 degrees. From more than 170 individual picks of PKiKP, we performed array analyses of PKiKP-related seismic phases to infer the structure near the inner core boundary (ICB) with unprecedented high quality. Both PKiKP and PcP showed strong similarity in waveforms up to a frequency of 2 Hz. Both amplitude and waveform analyses indicate that the ICB may be as sharp as the CMB and no thicker than 2 km. The slant stack for a 1-2 Hz frequency band, where PKiKP and PcP show energy peaks and where the background noise level is ∼3% of PKiKP, indicated no conspicuous phase other than SKiKP. We also noted that no gradual energy build-up of the inner core scattering signal was observed. Thus, this part of the inner core appears highly transparent seismically in this frequency range. In the 0.5-1.0 Hz frequency band (10-15% noise level), we observed one possible reflection phase from a slightly dipping (∼5
Introduction
The inner core boundary (ICB), which separates the solid inner core from the fluid outer core, is the least wellunderstood major boundary of the solid Earth. It is generally accepted that the inner core has been growing through the history of the Earth as it cools down, and as a result, the ICB surface has been renewed continually at least over the last billion years (e.g., Labrosse and Macouin, 2003) . Based on well-known results in metallurgy, Fearn et al. (1981) suggested that the condition at the ICB is likely to satisfy that for a morophological instability of a planar interface between a molten alloy and the corresponding solid to develop a so-called "mushy zone" in which both solid and liquid phase coexist. Recently, Shimizu et al. (2005) conducted a stability analysis to confirm the existence of a mushy zone at the ICB. The theoretically estimated thickness of this mushy zone varies from ∼1000 km (Fearn et al., 1981) to ∼10 m (Sumita et al., 1996) , indicating the necessity for other information to constrain the actual conditions at the ICB.
Since the discovery of the solid inner core by Lehman (1936) , the seismic P-wave velocity structure of the inner core has been mostly constrained by the observations of "core phases" recorded at remote seismic stations from sources ( >∼ 110 • ). These core phases either travel
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through the inner core as a P-wave (called PKIKP or PKPdf), or are (post-critically) reflected at the ICB (PKiKP or PKP-cd). Studies of these phases not only constrained the spherically averaged P-wave structure of the inner core (e.g., PREM, AK135), but also revealed non-spherical structures of the inner core, such as anisotropic structure (e.g., Morelli et al., 1986; Creager, 1992; Song and Helmberger, 1993) , the possible differential rotation (e.g., Song and Richards, 1996) , and hemispherical lateral heterogeneity (e.g., Tanaka and Hamaguchi, 1997; Niu and Wen 2001) . On the other hand, to constrain the seismic structure near the ICB, the most useful phase is the P-wave reflected from the top of the inner core recorded at stations not too remote from earthquakes ( <∼ 70
• ). Observation of this phase, (pre-critical) PKiKP, enables us to constrain the radius of the inner core, as well as the density jump at the ICB which is a crucial parameter to investigate the energy source of the geodynamo. Clear observation of this phase is, however, known for its rareness due to its small amplitude, preventing detailed seismological investigation of the top part of the inner core. By using the LASA seismic array, Engdahl et al. (1970) reported clear observations of the near-vertical PKiKP, and confirmed the previously estimated radius of the inner core. They also noted that the ICB must be sharp enough to reflect seismic energy at ∼1 Hz (i.e., the ICB thickness <5 km; Cummins and Johnson, 1988) . Since their work, there have been attempts (not too many) to further constrain the physical properties of the ICB (e.g., Souriau and Souriau, 1989; Shearer and Masters, 1990 ).
Analyzing array data from the International Monitoring System (IMS), Koper and his colleagues recently increased the number of PKiKP observations by an order of magnitude (Koper et al., 2003; Koper and Pyle, 2004; Koper and Dombrovskaya, 2005) . Based on the large number of PKiKP and PcP observations, they were able to constrain the aspherical structure of the core, and also constructed a seismic model for the ICB. Another interesting issue regarding PKiKP and the ICB region is the observation of scattered energy first reported by Vidale and Earle (2000) , who suggested the presence of scatterers in the top 300 km of the inner core. Recently, Poupinet and Kennett (2004) reported high-frequency (1-5 Hz) coda of PKiKP at short distances (<45
• ), and attributed it to complex reverberation effects near the ICB (see also .
Here we present an unusual entire network observation of such near-vertical PKiKP, first reported by Kawakatsu and Watada (2002) . The seismic section of an intermediate depth (298 km) earthquake in Mariana (2001/07/03 13:10:43, Mw 6.5) recorded by the then Japanese Hi-net (Obara et al., 2005) shows remarkably clear arrivals of PKiKP in an epicentral distance range of 14-24 degrees. From more than 170 individual picks of PKiKP, this data set allowed us not only to study the ICB in a similar way as the previous investigators but also to see the structure below the ICB with unprecedented high quality. Figure 1 shows the station distribution of Hi-net used in the present analysis. Hi-net consists of nearly 700 shortperiod seismometers (1 Hz, 3-component) buried in deep boreholes around a depth of 100 m, covering the Japanese islands with a nominal spacing of ∼20 km (Obara et al., 2005) . At the time of the earthquake, the deployment of the network was still underway, and records of less than 500 stations were available through the Internet. Figure 2 is the record section of the vertical component seismograms of the recording of the Mariana earthquake. Although PcP is partly masked by the S-wave energy, clear arrivals of ScP and somewhat diffused energy of ScS may be recognized. The arrivals around 960 sec from the origin time, which have a small slowness, indicating a nearvertical incidence to the entire network, are consistent with those of reflections from the ICB, i.e., PKiKP. The identification that these phases are indeed PKiKP can be further evidenced by the slant stack (Fig. 3) of 78 seismograms for which PcP can be picked as a reference phase. Considering the rareness of PKiKP observation as mentioned above, this observation is remarkable and deserves further investigation. Figure 4 (a) compares PcP and PKiKP waveforms obtained by stacking records of 44 stations (14
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Sharpness of the ICB
• < < 16 • ) for which both phases can be clearly read. The strong similarity of the two waveforms indicates that the structure of both CMB and ICB in the studied region is similarly simple in the frequency range of interest. Figure 4(b) shows that the strongest energy of the two phases can be observed between 0.8 and 2.0 Hz, indicating that the CMB and the ICB are relatively sharp (∼ few km). It is a common practice to use the amplitude ratio of PKiKP/PcP to infer the density jump at the ICB (e.g., Souriau and Souriau, 1989) . The observed ratio is 0.125 which is comparable within the error bounds to the value (0.118) obtained for DSM synthetic seismograms (Takeuchi et al., 1996) calculated for PREM (Dziewonski and Anderson, 1981) . For comparison, the same station set (44 stations) were used to make stacked PKiKPs and PcPs of both observed and synthetic seismograms. Thus, the present data appear to be consistent with the PREM values at the ICB. In order to further infer the sharpness of the ICB, Fig. 5 presents the effect of varying the ICB transition zone thickness on the PKiKP waveform and amplitude. We use the observed stacked PcP of Fig. 4 (a) as an input and calculate simulated PKiKPs for different values of the transition thickness. We use the Haskell matrix for the simulation, and assume a linear gradient for the ICB transition zone. A 1 km-thick ICB reduces the amplitude of the first phase by about 13%, which is about the observation error bounds (2σ ∼ 10%). Thus, if we accept the PREM ICB values, the observed ratio of PKiKP/PcP suggests that the ICB is less than 1 km thick. As the CMB is known to have very complicated structures, and as the change of the CMB structure affects the ratio significantly for short distant ranges (Koper and Pyle, 2004), this effect should also be taken into account. On the other hand, the observed PcP and PKiKP waveforms and spectra do not show any indication of complicated CMB or ICB structures in the studied region. Further, PcP bounce points on the CMB ( Fig. 1) do not seem to correspond to a very heterogeneous area (e.g., Obayashi and Fukao, 1997; Thorne and Garnero, 2004) . We thus may estimate the upper bound of the CMB heterogeneity ∼1%, which changes the reflection coefficient ∼8%. Therefore, a 2 km-thick ICB (amplitude reduction of ∼40%) appears to be inconsistent with the observed PKiKP/PcP ratio (assuming the PREM ICB values).
Waveform comparison
The consistent two pulses seen in the PcP and PKiKP waveforms are most likely due to a complex source effect. The simulated PKiKP in Fig. 5 (a) shows a slight difference in the amplitude of these two pulses for different transition thicknesses. This is due to the frequency dependence of the reflection coefficient for a transitional ICB and to the slight difference of the frequency content of the two pulses. Based on these observations, we directly compared waveforms of observed and simulated PKiKP to obtain further constraint on the ICB thickness. Close inspection of these two pulses, however, revealed that their relative timings are slightly shifted for PcP and PKiKP; the second pulse of PKiKP arrives a little earlier compared to that of PcP (Fig. 4(a) ). Considering this, the two waveforms are compared after shifting the second pulse of the simulated PKiKPs. Figure 6(a) shows two examples of such a comparison for the best-fit models for a sharp ICB and a 3 km-thick ICB. It can be seen that the fit for a 3 km-thick ICB is degraded and the ICB is unlikely to be this thick. Figure 6 (b) summarizes the result; a sharp (0 km thick) ICB gives the best fit, although it is almost indistinguishable from the fit of a 1 km-thick ICB. From this, we may conclude that the ICB may be as sharp as the CMB and is no thicker than 2 km. This is consistent with the conclusion derived solely from the amplitude ratio argument. Figure 3 shows a linear stack vespagram obtained using PcP as a reference phase. As mentioned earlier, most previous work on pre-critical PKiKP take this approach to discuss the possible identification of a sharp boundary inside the inner core (e.g., Souriau and Souriau, 1989) . In the present work, on the other hand, we can use PKiKP itself as a reference phase to investigate the structure below the ICB.
Reflection seismology of the inner core
Figure 7(a) shows the result of a phase-weighted stack (Schimmel and Paulssen, 1997) using 78 PKiKP phase picks as a reference phase (the power index of 2 was used). The seismograms are band-pass filtered between 1 and 2 Hz where the seismic energy is the strongest (Fig. 4(b) ). In the figure, crosses near the zero relative slowness line indicate possible locations of ICB related phases (PKiKP, [p,s]PKiKP, SKiKP), and those below the line indicate locations of possible reflection phases from a horizontal reflector beneath the ICB (marks are shown in a 100 km depth interval). The strongest energy at about 180 s after PKiKP appears to correspond to SKiKP, and its rela- tive amplitude to PKiKP is only about 4% (Fig. 7(b) ); this SKiKP/PKiKP amplitude ratio appears to be consistent with a known source mechanism (e.g., Harvard CMT) and a reference earth model (e.g., PREM). Other than this phase, no other notable energy may be identified (there is a slight indication of pPKiKP ∼75 s). Figure 7 (b) shows the waveform of a linear stack for the zero relative slowness; green lines indicate the amplitude of possible reflected phases from a sharp horizontal reflector with a 1% reflection (i.e., impedance contrast of 2%; ∼1% both in velocity and density jumps if they scale together) at frequencies of 1 and 2 Hz (Q = 360 is assumed; Bhattacharyya et al., 1993) . As the linear stack results for other slownesses show a similar feature, we may conclude that there is no sharp (few kilometers thick) discontinuity of the 1% reflection in the top 600 km (corresponding ∼100 s after PKiKP) of the inner core. Restricting to the top 400 km, we may reduce a reflection down to ∼0.5%. The situation is a little different if we lower the frequency range of the analysis to 0.5-1.0 Hz (Fig. 8) . Several peaks exist in the vespagram; among them those peaks at 75 and 85 s after PKiKP are most conspicuous (Fig. 8(a) ). From the slowness and time, the one at ∼75 s is most likely to be pPKiKP. The phase observed 10 s later also shares a similar slowness, indicative of a similar origin (e.g., a crustal reverberation of pPKiKP). If so, however, we should observe a similar phase for PcP stacks. Figure 8 (b) compares stacks for PKiKP and PcP. In both cases, the surface reflection phases, pPKiKP and pPcP are observed at similar times. On the other hand, no second phase appears for the PcP stack, which deserves some consideration. One explanation may be to attribute it to a near-surface structure (ocean and crust). Although the surface reflection points of observed pPKiKP and pPcP are closely distributed, there is some difference if we actually plot them. The surface reflection points of observed pPKiKP are not separated more than 8 km and appear to be a single point on a map, while those of PcP are separated by as much as 30 km. As these points are located within the back arc region of the Mariana subduction zone, where the crustal thickness and water depth both vary significantly laterally, the noted difference of the distribution of the surface reflection points may affect reflected waveforms. The 10 s delayed second phase can be caused by a positive interference of water reverberation and crustal reverberation phases; PREM synthetics bandpass filtered between 0.5-1.0 Hz actually shows a similar 10 s delayed second phase, which does not show up in higher-frequency intervals. This suggests subtlety in the interference. PREM happens to have a very peculiar shallow structure: P-wave two-way travel times of the water layer and the upper crust layer are identical (4.14 s), which may help this interference effect. As the average depth of the ocean in the area is about 3 km, a similar situation may be actually occurring for the observed pPKiKP. As for pPcP, the spread of the reflection points in this heterogeneous area may disturb the positive interference discussed above. Without the absence of a detailed structure known for the area (H. Takahashi, personal communication, 2003) , it is difficult to test this quantitatively.
The alternative explanation is to give the pPKiKP second phase an inner core origin. From the time difference between PKiKP and this phase (85 s), it can be explained as a reflected phase from a discontinuity 470 km beneath the ICB. As the slowness of the phase is slightly different from the predicted value for a horizontal discontinuity ( p ∼ 0.16 s/deg), the discontinuity must be slightly dipping (∼5
• ). From the amplitude, the reflection of this postulated discontinuity is about 3%. It is difficult to discriminate these two possibilities based on the presently available data alone. Records from a similar event of a different depth in the future should help to resolve this. Considering that PREM synthetics actually show a similar behavior for the second phase, at the present moment, we prefer the first explanation.
There are also a few other relatively large amplitude phases which have expected slownesses of reflections from horizontal boundaries beneath the ICB: they are observed at ∼17, ∼30, and ∼41 s after PKiKP (Fig. 8(a) ). The corresponding approximate depth (reflection) of these phases are 100 km (1.6%), 170 km (1.7%), and 230 km (1.5%), respectively. Although the amplitudes of these phases are well above the two standard deviation level, we try not to overinterpret them, and just nominate them as possible candidates for inner core reflectors/discontinuities which may correspond to the bottom of the low porosity "crust" suggested by Sumita et al. (1996) and Sumita and Yoshida (2003) . From these observations, we may safely conclude that there is no sharp (∼5 km thick) reflector/discontinuity in the top 400 km part of the inner core (∼70 s after PKiKP) whose reflection amplitude is larger than ∼2% (2% contrast both in velocity and density if they scale together).
Discussion
The ICB structure Sharpness
The sharpness of the ICB has been discussed mostly in terms of the frequency content of the observed near-vertical PKiKP. Using LASA array data, Engdahl et al. (1970) observed short-period (∼1 Hz) PKiKP. This observation was later used by Phinney (1970) and Cummins and Johnson (1988a) to constrain the ICB transition thickness to be about ∼1.5 km and less than 5 km, respectively. The latter researchers noted that the inference of the former one is based on a simplified approach and that they take a more conservative estimate. Our estimate for the ICB transition thickness is based on both amplitude and waveform analyses. We estimate the thickness 0-1 km (at most 2 km), and thus the ICB is a very sharp boundary. As the amplitude ratio of PKiKP/PcP, which will be discussed in some detail below, is mostly consistent with PREM which has a 0 kmthick boundary, the inner core just below the ICB may have substantial solid material not so different from the deeper part of the inner core. This is consistent with the theoretical consideration by Sumita et al. (1996) . They show that the efficient sedimentation compaction expels melt from the inner core and estimate the "mushy zone" to be ∼10 m thick.
PKiKP/PcP Amplitude ratio
The amplitude ratio of PKiKP/PcP has often been used to constrain the density jump at the ICB (e.g., Souriau and Souriau, 1989) . Our estimate of the ratio is ∼5% larger than that of PREM (14
, and the estimated error is about 10%, corresponding to two standard deviations. Although this observation alone cannot constrain much of the physical conditions at the top of the inner core, once we know the general feature of the ICB region, our observation may provide some new insight. For example, if PREM represents the real features of the ICB region, our observation requires that the structure of the inner core just below the ICB must have substantial solid material not so different from the deeper part of the inner core.
On the other hand, if a larger density jump at the ICB is preferred (e.g., Masters and Gubbins, 2003; Cao and Romanowizc, 2004) , there must be a large gradient in both Pand S-velocities and density structures just below the ICB. Figure 9 summarizes recent published models of the ICB and our observation. It may be safe to conclude that the upper bound for the impedance contrast at the ICB is ∼15%. In this case, our observation indicates that the amplitude of PKiKP at 1-2 Hz is reduced to 20-30%. Assuming that the melt fraction variation is the key controlling factor for the velocity change inside of the inner core, Singh et al. (2000) suggested that the presence of a volume fraction of 3 to 10% explained the seismic observation. With their preferred model, P and S velocities are respectively reduced, ∼0.04 and ∼0.125 km/s for a 1% increase of the melt fraction. To make a 10% reduction of the impedance contrast at the ICB, up to about a 3% increase in melt fraction (translates into 0.37 km/s S-wave velocity reduction) may be required. To account for a 20-30% reduction, the S-wave velocity just below the ICB may be as low as ∼2.5 km/s, which is in a similar range as some of recent models (Koper and Pyle, 2004; Cao and Romanowicz, 2004) . Thus, it appears possible to discriminate different views of the ICB once we know the overall feature of the ICB region.
Amplitude variation Both PcP and PKiKP show large variations (about a factor of 5) in the observed amplitude. As their statistical properties do not seem to be significantly different and as there is no correlation between the two amplitude observations, we tentatively attribute this variation to the presence of small-scale heterogeneities in the crust and mantle within the ray paths of corresponding phases. As the observed PKiKP/PcP ratio also varies by about a similar factor, we need to be cautious to interpret amplitudes in the observed frequency range based on a single or few stations measurement as suggested by Shearer and Masters (1990) . On the other hand, it should also be noted that Krasnoshchekov et al. (2005) recently interpreted the variability of the PKiKP amplitude observed for nuclear explosions as evidence for the regional variability of the reflection property of the ICB ("mosaic structure"). In this view, the studied region of the ICB of the present paper may correspond to a sharp "patch".
Inner core scattering Vidale and Earle (2000) reported a scattered energy timing after the expected arrivals of PKiKP around ∼ 70
• where PKiKP has a small expected amplitude in the global reference models (PREM, AK135), and attributed it to the presence of scatterers in the top 300 km part of the inner core. We have attempted to observe such signals (gradual grow-up of background amplitudes) after our PKiKP arrivals by various stacking techniques (e.g., reducing array size, envelope stacking, etc.), but are unable to observe any signature. A simplified estimate of the scattered energy (a vertical plane P-wave incidence observed 5000 km away) based on Wu and Aki's (1985) theory predict the amplitude of the scattered energy at about several percent of the input PKiKP for Vidale and Earle's model. As this is hard to observe in our data, their model does not seem to be inconsistent with our data. On the other hand, the model suggested by Cormier and Li (2002) predicts much larger scattered energy (similar to the input PKiKP amplitude) that should be observed in the present data. As their model is the maximum one for attributing all the cause of the attenuation to the scatterers, absence of such a large scattered energy indicates that there exists substantial intrinsic attenuation in the inner core.
Inner core discontinuity?
There have been suggestions of the presence of discontinuous transition zones in the inner core. Souriau and Souriau (1989) indicated an observation of a possible sharp (observable around 1 Hz) discontinuity about 120 km below the ICB in the region now classified as the "eastern hemisphere" (Tanaka and Hamaguchi, 1997; Niu and Wen, 2001 ). As they presented no slowness analysis, it is hard to access the reliability of their observation. Song and Helmberger (1998) also reported 4% P-wave velocity jump at a depth of 95 km in the "western hemisphere". Recently, Leyton et al. (2005) combined many PKiKP observations of Koper et al. (2003) to infer the discontinuity structure within the inner core, and concluded the absence of strong (>3% reflection) global sharp discontinuity in the inner core. As to more transitional change (<50 km), Song and Helmberger (1998) reported a large velocity jump of 4.3% at a depth of 250 km in the "western hemisphere", and suggested that it corresponded to the boundary between the shallow isotropic layer and the anisotropic deeper part. Also, Stroujkova and Cormier (2004) indicated a sharp velocity increase (∼3%) at a depth of 40 km in the equatorial region of the "eastern hemisphere".
Our observation, by far presents the best constraint for the presence of sharp discontinuities. Nevertheless, as noted earlier, we could not find strong evidence for such a discontinuity. The strongest possible discontinuity is observed for a depth of 470 km below the ICB. As our observation region is within the "eastern hemisphere" of the inner core where a thicker (∼400 km) isotropic surface layer is reported (e.g., Ouzounis and Creager, 2001; Wen and Niu, 2002; Souriau et al., 2003) , the observed signal may correspond to the bottom of this layer. We, however, note again that this signal may be related to the crustal reverberation of pPKiKP. Besides this observation, our records indicate that there is no sharp discontinuity within the top 400 km of the inner core with a reflection amplitude of 2%, although a few candidates exist for discontinuities with smaller reflections (∼1.5%).
We have also attempted to observe a reflected phase from the other side of the ICB, PKIIKP, but not succeeded in observing any. Bolt (1977) reported a LASA observation of the amplitude ratio PKIIKP/PKiKP to be ∼4%. Considering the noise level, the lack of PKIIKP signals in our date is consistent with Bolt's observation which constrains the average Q of the inner coreQ = 450 ± 100.
Conclusion
We have presented an unusual entire network observation of near-vertical PKiKP which gives constraints on the structure at and below the inner core boundary. Our results indicate that the ICB is a very sharp boundary (0-1 km thick; no more than 2 km thick); this is consistent with the result of Sumita et al. (1996) who predicted a thin mushy zone at the ICB. The structure below the ICB is relatively transparent, with no sharp (∼5 km thick) horizontal discontinuity in the top 400 km part of the inner core whose reflection amplitude is larger than ∼2%. We observed one possible reflected phase from a slightly dipping (∼5
• ) reflector/discontinuity inside of the inner core around a depth of 470 km below the ICB (3% reflection). However, this phase may be due to pPKiKP water/crustal layer reverberations. The bounce points of PKiKP at the ICB are located in an area about of 8
• (∼171 km at the ICB), which is comparable to the size of the Fresnel zone. The estimated properties of the ICB region correspond to an average feature of at least this size.
